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APOLLO 10 ENTRY POSTFLIGHT ANALYSIS 

1. INTRODUCTION AND SUMMARY 

The ob jec t ive  of t h i s  repor t  i s  t o  present  an eva lua t ion  of t h e  oper- 
a t i o n  of t h e  Apollo 1 0  en t ry  guidance, naviga t ion ,  and c o n t r o l  system (GNCS), 
t h e  e n t r y  monitoring p l an ,  and a r econs t ruc t ion  of t h e  e n t r y  t r a j e c t o r y  
u t i l i z i n g  t h e  te lemet ry  t ape  da t a .  
ment 10 t o  t h e  Apollo 10 Mission Report (MSC-00126). 

This r epor t  has been prepared as Supple- 

The d a t a  obtained from the  onboard te lemetry t ape  ind ica t ed  t h a t  t he  
The crew was ahead of t h e  e n t r y  t i m e  l i n e ,  so GNCS performed as expected. 

they performed several of t h e  moni tor ing . func t ions  p r i o r  t o  t h e  scheduled 
t i m e .  
t he  GNCS performed w e l l  w i th in  the bounds imposed by t h e  monitor ing p lan .  

The r econs t ruc t ion  of the EMS s c r o l l  p a t t e r n  trace ind ica t ed  t h a t  

P o s t f l i g h t  eva lua t ion  of the opera t ion  of t he  Apollo 10 command mod- 
u l e  computer (CMC), dur ing e n t r y ,  i n d i c a t e s  t h a t  the  computer performed pro- 
p e r l y  thtoughout en t ry .  The primary eva lua t ion  w a s  through comparisons of 
parameters generated by a CMC s imulat ion wi th  those parameters which were 
computed by the  a c t u a l  CMC and recorded on te lemetry (TM) t ape  during t h e  
f l i g h t .  Accelerometer da t a  from the TM t ape  were u t i l i z e d  i n  the  CMC simu- 
l a t i o n  t o  provide the  same inpu t  data t h a t  w a s  used t o  d r i v e  the  onboard 
computer. This  comparison ind ica ted  the  following: (1) t h e  r o l l  commands 
were i d e n t i c a l  except  f o r  t he  last 40 seconds of t he  t r a j e c t o r y ,  and (2)  
t he  t i m e  o f  t h e  guidance log ic  sequencing w a s  i d e n t i c a l .  The p red ic t ed  tra- 
j e c t o r i e s  during the  huntes t  phase agre~d within 10 naiitical miles. The 
Display and Keyboard (DSKY) d i sp lays  of t he  pred ic ted  e n t r y  condi t ions  were 
i n  good agreement wi th  the  a c t u a l  e n t r y  parameters. The onboard CMC com- 
p u t e r  p o s i t i o n  a t  t h e  t i m e  of drogue deployment was 164.65 degrees  w e s t  and 
15.07 degrees  south.  The s imulat ion Command Module (CM) p o s i t i o n  a t  drogue 
deployment w a s  164.65 degrees  w e s t  and 15.07 degrees south.  - 

Sect ion 2 p re sen t s  t he  en t ry  state vec to r s  used i n  t h e  p o s t f l i g h t  
ana lys i s .  The entxy s ta te  vec to r  recorded on t h e  TM t a p e  w a s  used i n  t h e  
CMC eva lua t ion  whi le  the  21-day Best Estimate Tra jec tory  (BET) e n t r y  state 
v e c t o r  w a s  used i n  t h e  t r a j e c t o r y  recons t ruc t ion .  V 

Sect ion  3 p resen t s  the  program sequencing and a d i scuss ion  of  t h e  
s i g n i f i c a n t  even t s  occuring during each program. 
t h e  CMC and recorded on the  TM tape are discussed and compared t o  cor res -  
ponding d a t a  obta ined  from p o s t f l i g h t  s imula t ions .  

The d a t a  ca l cu la t ed  by 
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Sect ion 4 presen t s  an eva lua t ion  of t h e  e n t r y  monitoring plan.  This  
s e c t i o n  provides a chronological  sequence of events  of crew ope ra t ions  i n  
t h e  process  of monitoring en t ry .  
t h e  crew observed in real t i m e  via t h e  DSKY d i sp lays ,  and how they respond- 
ed i n  t h e  process of monitoring the  en t ry .  

Data is presented  which i n d i c a t e s  what 

Section 5 desc r ibes  t h e  t r a j e c t o r y  r econs t ruc t ion  and p resen t s  t h e  
e n t r y  parameters and the method of t r a j e c t o r y  recons t ruc t ion .  

Sect ion 6 p resen t s  an eva lua t ion  of the  e n t r y  monitor system (EMS) 
and t h e  r eac t ion  con t ro l  system (RCS) prope l l an t  consumption. 

2 



2. ENTRY CONDITIONS 

The e n t r y  s t a t e  vec to r s  used f o r  t h e  Apollo 10 p o s t f l i g h t  a n a l y s i s  
were obta ined  from two sources:  (1) t he  21-day BET and (2) t h e  TM tape .  
Di f fe rences  between t h e  two state vec to r s  are due t o  es t imated  systems 
e r r o r s .  The BET state v e c t o r  i s  based on Pulsed I n t e g r a t i n g  Pendulous 
Accelerometer (PIPA) and t r ack ing  d a t a  t h a t  have been co r rec t ed  f o r  esti- 
mated I n e r t i a l  Measurement Unit  (IN) e r r o r s  and t r ack ing  u n c e r t a i n t i e s .  

The BET i n d i c a t e s  t h a t  Apollo 10 achieved e n t r y  i n t e r f a c e  a t  191 
hours 48 minutes 52.16 seconds a f t e r  l i f t o f f .  The e n t r y  s ta te  v e c t o r  ob- 
t a ined  from t h e  BET is as follows: 

I n e r t i a l  Veloci ty  36,309.257 f t / s e c  

I n e r t i a l  F l i g h t  Path Angle -6.6165171 deg 

I n e r t i a l  Azimuth 71.928267 deg 

Longitude 174.24393 deg East 

Geodetic La t i tude  23.651741 deg South 

Geode t i c  A 1  t i  tude 406,441.29 f t  

The e n t r y  state vec to r  recorded on the  TM tape ,  corresponding t o  a 
t i m e  of 191 hours  48 minutes 52.16 seconds,  w a s  s l i g h t l y  d i f f e r e n t  from the 
BET vec to r .  It is: 

I n e r t i a l  Veloci ty  36,309.548 f t / s e c  

I n e r t i a l  F l igh t  Path Angle 

I n e r t i a l  Azimuth 71.9317 deg 

Longitude 174.24384 deg East 

Geodetic La t i tude  23.653003 deg South 

Geodetic A l t i t ude  405,350.30 f t  

-6.6198381 deg 

The d i f f e r e n c e  between s t a t e  v e c t o r s  were minute and d id  no t  have an  
apprec iab le  e f f e c t  on t h e  e n t r y  t r a j e c t o r y .  
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3. CMC EVALUATION 

The purpose of t h i s  s e c t i o n  i e  t o  p re sen t  an  eva lua t ion  of  t he  per- 
formance of t h e  Apollo 10 en t ry  GNCS system. A d e s c r i p t i o n  of t h e  guidance 
system's ope ra t ion  wi th  r e spec t  t o  va r ious  t r a j e c t o r y  parametere and termi- 
nal o b j e c t i v e s  i s  presented.  Then, t h e  CMC i n - f l i g h t  computations recorded 
on t h e  TM t ape  are compared t o  values obta ined  from a s imula t ion  of t he  
CMC u t i l i z i n g  t h e  PIPA da ta  recorded on t h e  TM tape.  

3.1 Descript ion o f  t h e  CMC Operation 
.. 

The Apollo 10 atmospheric en t ry  t r a j e c t o r y  b a s i c a l l y  cons i s t ed  of 
t h r e e  phases: e n t r y  i n i t i a l i z a t i o n  (program 63), pos t  0.058 (program 64), 
and f i n a l  phase (program 67). Programs 61 and 62 operated c o r r e c t l y  and 
sequenced t o  program 63 a t  t h e  proper  t i m e .  The CMC remained i n  program 
63 u n t i l  t h e  edge of t he  s e n s i b l e  atmosphere (0.058) w a s  reached. 
p o i n t  atmospheric guidance began. Once the computed drag level,  KA, w a s  
reached, t h e  cons tan t  drag  con t ro l  l o g i c  v u  flown u n t i l  t h e  p red ic t ed  
v e l o c i t y  a t  t h e  end a f  UPCONTROL (VI,) wae lees than 18,000 f t / s e c .  The 
t r a j e c t o r y  flown i n  f i n a l  phase r e s u l t e d  i n  a computed touchdown a t  a geo- 
d e t i c  l a t i t u d e  of  15.07 degrees south and a longi tude  of 164.65 degrees  
w e s t ,  approximately 1.4 n a u t i c a l  miles from t h e  planned touchdown poin t .  
The a c t u a l  CMC sequencing is compared t o  t h e  CMC s imula t ion  i n  Table I and 
the  r e spec t ive  touchdown po in t s  are compared i n  Figure 1. The CMC simu- 
l a t i o n  w a s  ob ta ined  from the  Apollo Reentry Simulation (ARS) program ex- 
t e r n a l l y  dr iven  by the  PIPA da ta .  

" 

A t  t h i s  

3.1.1 Entry I n i t i a l i z a t i o n  (Program 63).- The guidance system was 
i n i t i a l i z e d  wi th  the  proper  switches and c o n t r o l  cons t an t s  i n  program 63. 
A t  a geodet ic  a l t i t u d e  of 400,000 f e e t ,  t h e  CMC ind ica t ed  an  i n e r t i a l  velo- 
c i t y  of 36314.3 f t / s e c  and an i n e r t i a l  f l i g h t  pa th  angle  of -6.56 degrees.  
The ground e lapsed  t i m e  from l i f t o f f  t o  e n t r y  i n t e r f a c e  w a s  191 hours  48 
minutes 53 seconds. The e n t r y  point  w a s  l oca t ed  a t  a geodet ic  l a t i t u d e  of 
23.616 degrees  south  and a longi tude of 174.36 degrees  east which r e s u l t e d  
i n  a relative range of 1292.9 n a u t i c a l  m i l e s  and an i n e r t i a l  range of  
1378.24 n a u t i c a l  miles. Onset of  0.05g occurred 28.73 seconds a f t e r  e n t r y  
a t  a geodet ic  a l t i t u d e  o f  296,990.8 f e e t .  The CMC then c o r r e c t l y  ca l cu la t ed  
the  re ference  drag  level t o  i n i t i a t e  t h e  cons tan t  drag l o g i c ,  KA, t he  r e f -  
erence drag  l e v e l  f o r  t h e  constant  drag  l o g i c ,  DO, and the  command module's 
p o s i t i o n  i n  t h e  e n t r y  co r r ido r  relative t o  t h e  l i f t  vec to r  o r i e n t a t i o n  (LVO) 
l i n e .  The va lues  of KA and DO, based on t h e  TM t ape  i n e r t i a l  v e l o c i t y  a t  
O.O5g, were 1.468g's and 4.0272g's r e s p e c t i v e l y ,  while  the  commanded bank 
angle  w a s  zero degrees.  

3.1.2 Post  0.05g (Program 64).- The CMC then c o r r e c t l y  sequenced t o  
The l i f t - u p  a t t i t u d e  commanded a t  t h e  end of  program program 64 a t  0.05g. 

63 w a s  maintained u n t i l  t he  drag level became g r e a t e r  than 1.468g's 51 sec- 
onds a f t e r  e n t r y ,  a t  which time t h e  guidance system began t h e  cons tan t  drag 
p o r t i o n  of t h e  t r a j e c t o r y .  
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The l i f t - t o -d rag  r a t i o  (L/D) c o n t r o l  equat ion  i n  the  cons tan t  drag 
l o g i c  i s  driven by drag  and a l t i t u d e  rate e r r o r s  based on a computed r e f -  
e rence  t r a j e c t o r y .  
( l i f t  vec tor  up) (Figure 2) due t o  t h e  l a r g e  nega t ive  a l t i t u d e  rate. The 
a l t i t u d e  r a t e  became more p o s i t i v e  than  -700 f t / s e c ,  78 seconds a f t e r  e n t r y  
(Figure 3) and t h e  guidance system began gene ra t ing  ranging p red ic t ions .  
The i n e r t i a l  range t o  the  t a r g e t  a t  t h i s  t i m e  was 921 n a u t i c a l  miles (Fig- 
ure 4) .  Due t o  t h e  l a r g e  energy level of t h e  command module, a n  overshoot  
t r a j e c t o r y  was p red ic t ed ,  hence t h e  guidance system remained i n  t h e  cons t an t  
drag log ic .  The maximum load f a c t o r ,  6.762g1s, occurred 81 seconds a f t e r  
e n t r y  and the first minimum a l t i t u d e  (Figure 5 ) ,  181,736.8 f e e t ,  occurred 
83  seconds a f t e r  en t ry .  When the  load f a c t o r  dropped below 5.44g's t h e  
guidance system proper ly  commanded a bank ang le  of -180 degrees .  
tude  increased  to  a relative maximum of 192,466 f e e t ,  128 seconds a f t e r  
e n t r y ,  while the  load f a c t o r  decreased t o  a r e l a t i v e  minimum of 2.796g's, 
129 seconds a f t e r  en t ry .  

I n i t i a l l y  t h e  commanded bank ang le  was zero degrees  

The a l t i -  

The first r o l l  command o the r  than f u l l  l i f t - u p  occurred 87 seconds 
Four seconds later,  the  guidance system a f t e r  e n t r y  and w a s  23 degrees.  

commanded a bank angle  g r e a t e r  than  90 degrees  bu t  s i n c e  the  drag level 
w a s  g r e a t e r  than 5.44'g's, the  r o l l  command w a s  l i m i t e d  t o  90 degrees .  
Had t h e  r o l l  command not  been l imi t ed  t o  90 degrees ,  t he  D i g i t a l  Autopi lo t  
(DAP) would have commanded a longer  per iod of j e t  on t i m e ,  hence, a g r e a t e r  
angular  impulse, thereby inc reas ing  t h e  p o s s i b i l i t y  of f l y i n g  t o  t h e  r e f e r -  
ence drag  level of 4.03g's. 
level w a s  a r e s u l t  of t he  l o w  average angular  a c c e l e r a t i o n  during t h e  r o l l  
maneuver t o  t h e  l i f t  down a t t i t u d e ,  as shown i n  Figure 6. It should be 
noted t h a t  t h e  a c t u a l  r o l l  angular  a c c e l e r a t i o n  during t h i s  t i m e  w a s  approx- 
imately 5.0 degrees  p e r  second squared, as expected from p r e f l i g h t  da ta .  
However, the  sequence of  r o l l  commands were such t h a t  t h e  jets were turned 
o f f  dur ing  p a r t  of  t h e  r o l l  down maneuver and r e s u l t e d  i n  a low average 
angular  acce lera t ion .  The Huntest  phase of program 64 continued p r e d i c t i n g  
overshoot t r a j e c t o r i e s  u n t i l  t h e  p red ic t ed  v e l o c i t y  a t  the  end of UPCONTROL 
w a s  less than 18,000 f e e t  pe r  second. This  occurred 138 seconds a f t e r  e n t r y  
a t  which t i m e  the  f i n a l  phase l o g i c  (Program 67) w a s  en te red .  

The l a r g e  overshoot of t h e  r e fe rence  drag  

3.1.3 F ina l  Phase (Program 67).- The guidance system sequenced t o  
the  f i n a l  phase l o g i c  when t h e  i n e r t i a l  v e l o c i t y  w a s  25033 f e e t  pe r  second 
and the  a l t i t u d e  rate w a s  -374 f e e t  p e r  second. The CM w a s  i n  a l i f t  vec- 
t o r  down a t t i t u d e  and t h e  i n e r t i a l  range t o  t h e  t a r g e t  w a s  641 n a u t i c a l  
miles. The f i r s t  range p r e d i c t i o n  i n  f i na l  phase ( r e f e r  t o  Figure 7) re- 
s u l t e d  i n  a p red ic t ed  downrange undershoot e r r o r  of 132 n a u t i c a l  miles. 
The predic ted  downrange e r r o r  then increased  r ap id ly  t o  a maximum undershoot 
va lue  of 187 n a u t i c a l  miles 147 seconds af ter  en t ry .  This  w a s  t h e  r e s u l t  
of t h e  i n i t i a l  l i f t  v e c t o r  down a t t i t u d e  i n  P67. However, a t  E 1  + 165 
seconds the f i r s t  non-zero r o l l  command w a s  i s sued .  A t  t h i s  t i m e ,  t h e  pre- 
d i c t e d  downrange e r r o r  was a 16.5 n a u t i c a l  m i l e  undershoot,  t h e  c ross range  
e r r o r  w a s  predicted t o  be 4.5 n a u t i c a l  m i l e s  no r th  of  t he  t a r g e t  and t h e  
bank angle  command w a s  15.41 degrees  nor th .  
i n  f i n a l  phase w a s  a t  an  average bank angle  o f  approximately 70 degrees  and 

The o v e r a l l  t r a j e c t o r y  flown 
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r e s u l t e d  i n  a touchdown a t  a geodetic l a t i t u d e  of 15.07 degrees  south  and 
a long i tude  of 164.65 degrees w e s t .  
1.4 n a u t i c a l  m i l e s  of t h e  t a r g e t  as shown i n  Figure 1. 

This t r a j e c t o r y  culminated w i t h i n  

Four bank angle  r e v e r s a l s  occurred during f i n a l  phase. A bank ang le  
Crossrange reversal occurs  whenever the  crossrange deadband i s  exceeded. 

deadband i s  computed by the  guidance and i s  p ropor t iona l  t o  t h e  s p a c e c r a f t ' s  
la teral  ranging c a p a b i l i t y  a t  i t s  cu r ren t  ve loc i ty .  I f  t he  bank ang le  
command is w i t h i n  t15  degrees of f u l l  l i f t  up o r  down, the  deadband i s  
halved t o  account  f o r  t h e  smaller l a t e ra l  force .  The r e v e r s a l s  occurred 
a t  217 seconds,  339 seconds,  383 seconds, and 421 seconds a f t e r  e n t r y  as 
ind ica t ed  i n  F igure  8. 

3.2 Computer Simulat ion 

A computer s imula t ion  of the CMC opera t ion  during e n t r y  w a s  made u t i -  
l i z i n g  the  PIPA d a t a  on the  TM tape. 
s imula t ion  were then  compared t o  those recorded on the.TM tape.  

The e n t r y  parameters obtained from the  

3.2.1 Simulation - The computer s imula t ion  of t he  CMC ope ra t ion  w a s  
made with t h e  Apollo Reentry Simulation (ARS) program u t i l i z i n g  four-degree- 
of-freedom and t h e  e x t e r n a l  d r ive  opt ion.  The s imulated CMC w a s  i n i t i a l i z e d  
wi th  the  e n t r y  s t a t e  vec to r  obtained from the  TM tape a t  a g .e . t .  of 689,892 
seconds. PIPA counts  from the  TMtape were used t o  d r i v e  t h e  simulation.,  

3.2.2 Comparison - The results obtained from t h e  PIPA d r i v e  s imula t ion  
(simulated CMC) were compared t o  the CMC computations recorded on t h e  TM 
t ape  and were i n  c lose  agreement. 
obtained from t h e  simulated CMC was i d e n t i c a l  t o  t h a t  of t he  a c t u a l  CMC. 
The comparisons are shown i n  Figure 2 through 8 and i n  Tables I through 
111. 

I n  add i t ion ,  t he  program sequencing 

. 
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4. EVALUATION OF THE ENTRY OPERATIONS AND MONITORING PLAN 

This  r c c t i o n  provides a chronological  sequence of events  of crew ope- 
r a t i o n s  whi le  monitoring en t ry .  The d a t a  presented  is obtained from the  on- 
board te lemet ry  t ape  and i n d i c a t e s  what t h e  crew observed i n  real  time v i a  
t h e  DSKY d i s p l a y s  and how they reeponded i n  t h e  process  of monitoring en t ry .  
Table V p r e s e n t s  t h e  Apollo 10 sequence of even t s  i n  a d d i t i o n  t o  PAD de-a 
necessary  t o  monitor t he  onboard computer. 

4.1 Entry Monitoring P r i o r  t o  Entry I n t e r f a c e  

Program 61 w a s  i n i t i a t e d  19 minutes and 10 seconds p r i o r  t o  E I .  A t  
t h i s  time t h e  command and service module (CSM) w a s  maintained a t  an a t t i t u d e  
of 269 degrees  p i t c h ,  317 degrees yaw, and 4 degrees  r o l l .  The CSM was main- 
t a ined  a t  approximately t h i s  a t t i t u d e  u n t i l  s epa ra t ion  ( r e f e r  t o  Figure 9 ) .  
The f i r s t  DSKY d i sp lay  appeared a t  E 1  - 18 minutes and 56 seconds. The tar- 
g e t  l a t i t u d e  and longi tude  and l i f t  vec to r  o r i e n t a t i o n  (LVO) were d isp layed .  
The t a r g e t  l a t i t u d e  w a s  15.07 degrees south and longi tude  w a s  164.67 degrees  
w e s t ;  t h e  actual splashdown coordinates  were 15.07 south  and 164.65 w e s t .  
The LVO w a s  d i sp layed  i n  t h e  up o r i e n t a t i o n .  
t he  DSKY pred ic t ed  va lues  of GMAX = 6.568'8, v e l o c i t y  a t  E 1  = 36,311 f t / s e c  
and f l i g h t  p a t h  angle  a t  E 1  = -6.48 degrees  were displayed.  These va lues  
compared very  favorably t o  t h e  a c t u a l  (BET) cond i t ions  of GMAX = 6.76g's,  
Veloci ty  (EI)=36,314 f t / s e c  and f l i g h t  pa th  ang le  (EI) = -6.54. A t  E 1  - 18 
minutes,  26 seconds,  t h e  f i n a l  DSKY d i s p l a y  of P61 was  obtained.  The pre- 
d i c t e d  i n e r t i a l  range t o  t h e  t a r g e t  a t  0.058 = 1221 n a u t i c a l  m i l e s ,  p r e d i c t e d  
t i m e  o f  0.05g = E 1  + 28 seconds. 
t a r g e t  a t  0.05g = 1218 and i n e r t i a l  v e l o c i t y  a t  0.058 = 36394. 
compared favorably.  

A t  E 1  - 18 minutes,  50 seconds,  

The a c t u a l  va lues  of i n e r t i a l  range t o  
These va lues  

The time of  0.058 occurred as predic ted .  

Program 62 was entered  a t  E 1  - 18 minutes 14 seconds. The r eques t  
f o r  s e p a r a t i o n  appeared immediately; consequently,  t h e  ZMU was n e i t h e r  
reversed  no r  unea t i s fac tory .  A t  E 1  - 17 minutes,  t he  p i t c h  gimbal angle  
check w a s  performed. The a c t u a l  p i t c h  gimbal angle  w a s  two degrees  less 
than  t h e  Pad va lue  of 268; t h i s  is w e l l  w i t h i n  the  al lowable f i v e  degree 
to le rance .  

CM/SM sepa ra t ion  occurred a t  E 1  - 1 5  minutes,  26 seconds. The command 
p i l o t  wai ted 84 seconds a f t e r  separa t ion  t o  i n s u r e  adequate sepa ra t ion  
d is tance .  Fourteen minutes p r i o r  t o  e n t r y  the  DSKY d i sp lay  of t a r g e t  
coord ina tes  appeared with the l i f t  vec to r  o r i e n t a t i o n  f o r  en t ry .  The 
va lues  were the  same as i n  P61. A t  E 1  - 12 minutes and 38 seconds, t h e  
DSKY d i s p l a y  of des i r ed  gimbal angles appeared: 
P i t c h  = 179.9 degrees and Yaw = 359.6 degrees.  
d e s i r e d  gimbal angles  w a s  displayed u n t i l  E 1  - 11 minutes,  52 seconds; a t  
t h i s  t i m e ,  program 63 automatical ly  sequenced in .  The DSKY d i sp lay  of 
load f a c t o r  - 0.0, i n e r t i a l  ve loc i ty  = 30,738 f t / s e c  and range t o  go = 

Rol l  = 359.5 degrees ,  
The DSKY d i sp lay  of 
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4562 n a u t i c a l  miles appeared. The load f a c t o r  remained cons tan t  u n t i l  
a f t e r  entry i n t e r f a c e ,  t he  i n e r t i a l  v e l o c i t y  increased  t o  36397 f t / s e c  
and then  decreased from t h i s  p o i n t ,  and t h e  range t o  go n a t u r a l l y  decreased 
throughout en t ry .  

Figure 9 i n d i c a t e s  t h a t  t h e  crew chose t h e  opt ion  of maintaining t h e  
0.058 a t t i t u d e  a f t e r  separa t ion .  
mately E 1  - 3 minutes, 52 seconds t h e  p i t c h  gimbal angle  w a s  maintained a t  
approximately 156 degrees.  
152 degrees from E 1  - 3 minutes,  52 seconds t o  e n t r y  i n t e r f a c e .  

A t  E1 - 6 minutes,  12 seconds t o  approxi- 

The p i t c h  gimbal angle  v a r i e d  between 155 t o  

4.2 Entry Operations and Monitoring Af ter  Entry I n t e r f a c e  

The crew maintained manual con t ro l  of t h e  CM f o r  a few seconds a f t e r  
The p i t c h  e r r o r  needle  w a s  wi th in  15 degrees  t h e  t i m e  of e n t r y  i n t e r f a c e .  

of t h e  des i red  a t t i t u d e  from E1 - 9 minutes and 42 seconds ( r e f e r  t o  Figure 
9). The crew switched t o  DAP c o n t r o l a t  approximately E 1  + 16 seconds. 

The occurance of 0.058 was wi th in  t h e  2 second computer i n t e r v a l  of 
Program 64 and t h e  e n t r y  monitor system sequenced i n  t h e  pred ic ted  t i m e .  

immediately. 
command = 0.0 degree,  i n e r t i a l  v e l o c i t y  = 36,396 f t / s e c  and a l t i t u d e  rate = 
-3271 f t / s e c  w a s  ava i l ab le .  The Huntest phase of the  e n t r y  guidance w a s  
en te red  a t  E 1  + 1 minute and 18 seconds. Ten seconds later t h e  guidance 
system issued the f i r s t  non-zero bank angle  command. 
t h a t  t h e  en t ry  t r a j e c t o r y  flown by the  guidance w a s  very near  nominal. The 
s o l i d  l i n e  i n d i c a t e s  t he  te lemetry da t a  had no s lope  tangent  to t h e  skip-out 
l i n e s ;  however, observa t ions  of t he  a c t u a l  EMS s c r o l l  p a t t e r n  trace (dashed 
l i n e  on Figure 10) i n d i c a t e s  t h e  p o s s i b i l i t y  of a tangency e x i s t i n g  a t  
approximately 29,300 f t / s e c .  A t  t h i s  po in t  i n  the  t r a j e c t o r y ,  t h e  guidance 
bank angle  command i s  monitored t o  determine i f  i t  is  commanding a l i f t  
down o r i e n t a t i o n ,  thereby in su r ing  t h a t  t he  guidance system is  func t ioning  
c o r r e c t l y .  
by s a t i s f y i n g  the  monitoring p lan .  

A t  E 1  + 30 seconds, t he  f i r s t  P64 DSKY d i sp lay  of bank angle  

Figure 10 i n d i c a t e s  

The bank angle command is l i f t  vec to r  down (180 degrees)  there-  

The en t ry  pad value of t he  t i m e  of VCIRC w a s  E 1  + 2 minutes,  8 seconds. 
The a c t u a l  A t  t h i s  t i m e  t he  a c t u a l  v e l o c i t y  of t he  veh ic l e  i s  25,896 f t / s e c .  

t i m e  of VCIRC occurred a t  E 1  + 2 minutes,  12.6 seconds. 

The program sequencing from P64 t o  P67 w a s  as p red ic t ed  on the  e n t r y  
pad. Program 67 w a s  au tomat ica l ly  en tered  5 seconds a f t e r  t he  actual t i m e  
o f  VCIRC. The f i r s t  DSKY d i sp lay  during P67 i nd ica t ed  an  undershoot of 132 
n a u t i c a l  miles; however, wi th in  24 seconds t h i s  d e f i c i t  w a s  cor rec ted .  With 
t h e  most c r i t i c a l  po r t ion  of e n t r y  success fu l ly  nego t i a t ed ,  ranging t o  the  
t a r g e t  and avoiding high g loads  i s  the  primary concern. A t  E 1  + 7 minutes 
and 18 seconds, the  DSKY d i sp lay  of  RTOGO = 1.3 (undershoot) ,  p re sen t  l a t i -  
tude = 15.09 degrees south and present  longi tude  = 164.69 degrees  w e s t  i nd i -  
cates t h a t  t he  t a r g e t  w a s  achieved by t h e  guidance system. 
were deployed a t  E 1  + 8 minutes and 18 seconds and the  main chutes  were 
deployed approximately 50 seconds la ter .  

The drogue chutes  
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5. TRAJECTORY RECONSTRUCTION 

t 

The recons t ruc ted  en t ry  t r a j e c t o r y  i s  presented  i n  t h i s  s e c t i o n  and + 

t h e  r e s u l t i n g  t r a j e c t o r y  is  compared t o  t h e  21-day BET. 
meters t h a t  were va r i ed  t o  match the  BET were t h e  CM aerodynamics and t h e  
atmospheric model. 
of 12121.5 pounds and was he ld  constant  i n  t h e  ana lys i s .  

The e n t r y  para- 

The CM weight used was t h e  pre-entry es t imated  value 

The Apollo 10 e n t r y  t r a j e c t o r y  was recons t ruc ted  i n  two ways, bo th  
The f i r s t  used t h e  gimbal angle  da t a  from t h e  TM using e x t e r n a l  d r ives .  

t ape  a t  2-second i n t e r v a l s .  The d a t a  w a s  converted t o  body a t t i t u d e s  with- 
ou t  exe rc i s ing  t h e  CMC log ic .  
d a t a  from t h e  TM t ape  as i npu t s  t o  t h e  CMC. 
cu l a t ed  t h e  bank angle  commands from t h e  PIPA d a t a  and suppl ied  them t o  t h e  
d i g i t a l  a u t o p i l o t .  

The second type of s imula t ion  used t h e  PIPA 
The s imulated CMC then  cal- 

5.1 Entry Parameters 

The s e l e c t i o n  of t he  CM aerodynamics and atmospheric model w a s  based 
on t h e  r econs t ruc t ion  of an entry t r a j e c t o r y  t h a t  had t h e  b e s t  o v e r a l l  
comparison t o  t h e  fol lowing t r a j e c t o r y  parameters:  1) f i r s t  and second 
maximum load  f a c t o r ,  2) f i r s t  minimum load  f a c t o r ,  3) f i r s t  m a x i m u m  and 
m i n i m u m  a l t i t u d e ,  4) touchdown poin t ,  and 5) t i m e  of drogue deployment. 
The aerodynamic c h a r a c t e r i s t i c s  of t he  CM used i n  the  p o s t f l i g h t  recon- 
s t r u c t i o n  were obtained from t h e  TM tape.  Figure 11 presen t s  t h e  t i m e  
h i s t o r y  of L/D 's  recorded on the  TM tape.  
of t he  hypersonic  L/D ' 8  were between 0.308 and 0.315. 
c o e f f i c i e n t s  used i n  t h e  t r a j e c t o r y  s imula t ions  were obtained as a func t ion  
of Mach number from t h e  Block 11 v e h i c l e  d a t a  (Reference 2) .  
L/D w a s  cons tan t  u n t i l  approximately 140 seconds a f t e r  t h e  t i m e  of 0.058. 
Calcu la t ions ,  based on the  TM i n e r t i a l  v e l o c i t y  and a l t i t u d e ,  i nd ica t ed  
t h a t  the  Mach number a t  t h i s  time w a s  approximately 21. The f i n a l  recon- 
s t r u c t e d  t r a j e c t o r y  requi red  an L/D of 0.312 and is shown i n  Figure 12. 
Also shown i n  the  f i g u r e  is t h e  TM L/D as w e l l  as t h e  p reen t ry  es t imated  
value.  The atmospheric model s e l ec t ed  f o r  t h e  r econs t ruc t ion  w a s  30 
degrees  n o r t h  (January) (Reference 3) .  

Deviat ions about t h e  TM va lue  
The aerodynamic 

The PIPA 

5.2 Method O f  T ra j ec to ry  Reconstruction 

The va lues  of L/D recorded on t h e  TM t ape  ind ica t ed  t h a t  t h e  hypersonic 
L/D f o r  Apollo 10 w a s  between 0.308 and 0.315. 
r a t i o s  were run wi th  s e v e r a l  atmospheres t o  determine the  L/D and atmosphere 
which b e s t  s imula te  t h e  a c t u a l  Apollo 10 load f a c t o r s  through maximum and 
minimum g. 

Various hypersonic  L/D 

With t h e  b e s t  estimate of L/D and atmosphere, a PIPA run is made. 
This  run v e r i f i e s  t h a t  t he  CMC functioned properly.  The PIPA run ind ica t ed  
t h a t  t h e  bank angle  commands issued were exac t ly  the  same as t h e  a c t u a l  
bank angle  commands except f o r  the last f e w  seconds of t h e  t r a j e c t o r y .  
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Although the  PIPA d r i v e  run ind ica t ed  t h a t  t h e  guidance system operated 
very  w e l l ,  i t  a l s o  ind ica t ed  t h a t  t h e r e  was a discrepancy wi th  the  a t t i t u d e  
the  veh ic l e  a t t a ined .  
t h e  a t t i t u d e  achieved by t h e  a c t u a l  v e h i c l e  and recorded on TM tape.  
i nd ica t ed  t h a t  t h e  v e h i c l e  had a poss ib l e  r o l l  moment. 
and no te  the v e h i c l e  r o l l  a t t i t u d e  beginning t o  change as i t  reaches t h e  
s e n s i b l e  atmosphere. 

The PIPA run w a s  approximately 8 degrees  less than 
This 

Refer t o  Figure 13 

With a r o l l  a t t i t u d e  e r r o r ,  a l l  PIPA d r iven  t r a j e c t o r i e s  w i l l  have 
s u b s t a n t i a l  t a r g e t  misses. For t h e  Apollo 10 cond i t ions ,  a n  L/D of 0.312 
and a 30 degree N l a t i t u d e  atmosphere, t h e  PIPA run missed t h e  t a r g e t  by 
133 N. M i .  Obviously, t h e  t r a j e c t o r y  r econs t ruc t ion  must be handled i n  
a f a sh ion  t h a t  is f r e e  from t h e  a t t i t u d e  e r r o r .  
l ends  i t s e l f  n i c e l y  t o  t h i s  s i t u a t i o n .  A comparison of t h e  gimbal angle  
d r i v e  (G.A.D.) and t h e  te lemetry tape load f a c t o r s  is presented below: 

The gimbal angle  d r i v e  

MAX G M A X G  M I N  G M I N  G 2nd MAX 2nd MAX 
(TM) (G.A.D .) (TM) (G.A.D.) (TM) (G.A.D. 1 

6.76 6.77 ' 2.80 2.76 4.60 4.47 

The agreement between t h e  load f a c t o r s  of t he  TM and gimbal angle  d r i v e  w a s  
exce l l en t .  The n e t  r e s u l t  of t h i s  agreement is t h a t  t h e  v e h i c l e  lands  with- 

. i n  7 m i l e s  of t h e  t a r g e t .  The load f a c t o r s  presented above are i n  complete 
agreement with t h e  BET. The va lues  f o r  t h e  BET are as fol lows:  

(1) MAX G = 6.78, (2) M I N  G 2.79 and (3) second MAX G = 4.54 

These r e s u l t s  i n d i c a t e  t h a t  t h e r e  w a s  an e x c e l l e n t  agreement between t h e  
TM, GAD, and BET t r a j e c t o r i e s .  Figures  14-16 p resen t  comparisons of 
a l t i t u d e ,  ve loc i ty  and load f a c t o r  h i s t o r i e s .  
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6. VEHICLE PERFORMANCE 

This  s e c t i o n  p resen t s  a summary of t he  performance of Apollo 10 c:M 
systems r e l a t e d  t o  atmospheric entry.  The i n e r t i a l  measuring u n i t  (ZML;) 
e r r o r s  were n o t  ava i l ab le .  These a r r o r s ,  i n  t h e  p a s t ,  have been relati- :ely 
i n s i g n i f i c a n t  and have produced nedligable touchdown d i spe r s ions .  
a f  t hese  e r r o r s  can be seen i n  Table I V ,  f o r  t h e  Apollo 10 e n t r y  phase.  The 
EMS and the  r e a c t i o n  c o n t r o l  system (RCS) were eva lua ted .  

The e f f e c t  

6.1 The Entry Monitor System 

The EMS performed very  w e l l  f o r  Apollo 10. The s c r o l l  p a t t e r n  trace 
w a s  much smoother than  f o r  t he  previous missions. 
EMS s c r o l l  trace is presented as the  dashed l i n e  i n  F igure  10. The s o l i d  
l i n e  r ep resen t s  t h e  te lemetry data.  The r e s u l t s  of t h e  f i g u r e  i n d i c a t e  a 
c l o s e  agreement between the a c t u a l  s c r o l l  p a t t e r n  trace and t h e  te lemet ry  
d a t a  p l o t t e d  on the  s c r o l l  pa t te rn .  
cated t h a t  a tangency occurred a t  approximately 29,300 f t / s e c ;  however, 
t he  guidance system was i s su ing  proper r o l l  commands i n d i c a t i n g  t h a t  no 
v i o l a t i o n  occurred. 

The a c t u a l  Apollo 10 

The a c t u a l  s c r o l l  p a t t e r n  trace ind i -  

The EMS w a s  a very adequate monitoring device.  

6.2 RCS Propel lan t  Consumption 

The a c t u a l  Apollo 10 propel lan t  consumption w a s  33.0 l b s .  This va lue  
of f u e l  consumption was not  i n  good agreement wi th  t h e  i n t e r n a l l y  d r iven  
6-D s imula t ion  (23.6 l b s )  nor t he  r o l l  command d r iven  6-D s imula t ion  (24.3 
l b s ) .  The models of f u e l  consumption f o r  t h e  6-D s imula t ions  seem t o  have 
a c o n s i s t e n t  e r r o r  of no f u e l  consumption i n  t h e  p i t c h  c o n t r o l  ax is .  The 
s imula t ions  of p rope l l an t  consumption f o r  t h e  nega t ive  r o l l  jets w a s  i n  
e r r o r  by approximately 5 pounds. 
e r r o r  since t h e r e  are over  200 pounds of f u e l  a v a i l a b l e  f o r  t h e  e n t r y  phase.  
The f u e l  consumption f o r  each of the  c o n t r o l  axes  is shown below: 
CONTROL INTERNALLY DRIVEN ROLL COMMAND DRIVEN ACTUAL 

This d i f f e r e n c e  is no t  a s i g n i f i c a n t  

Ax1 s 6-D SIMULATION 6-D SIMULATION APOLLO 10 

+Roll 

-Roll  

TOTAL 

+Pitch 

-P i tch  

TOTAL 

+Yaw 

-Yaw 

TOTAL 

8.99 

10.21 

19.20 

0.0 

0.03 

0.03 

1.15 

3.19 

4.34 

9.38 

10.06 

19.44 

0.0 

0.14 

0.14 

2.47 

2.24 

4.71 

8.88 

14.98 

23.86 

1.0 

3.9 

4.9 

2.26 

1.98 

4.24 

13 



Most of t h e  p i t c h  and yaw axis c o n t r o l  a c t i v i t y  occurred dur ing  t h e  
f i n a l  two minutes before  drogue deployment. The usage is presented  below: 

Control 
Axis 

+Pitch 

-Pitch 

TOTAL 

+Yaw 

-Yaw 

TOTAL 

P rope l l an t  consumed during t h e  two 
minutes p r i o r  t o  drogue deployment- 
based on s imulated da ta  
(POUNDS) 

0.0 
0.14 

0.14 

2.00 

1.76 

3.76 

The increased a c t i v i t y  of t he  p i t c h  and yaw jets i n d i c a t e s  t h a t  a 
degree of dynamic i n s t a b i l i t y  e x i s t s  a t  low Mach numbers. 

14 
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Table XI. Capariaona of Bank a l a  C-da From The 
Actual QIC Md Qtc Bimulationa 

TIUB BRRI ACTUAL Qtc MNK Mc SMvtATION 
INTWMI MCLP COIQUM, MNK AUGLE COWAND 

0 0.0 0.0 

88 22.9 22.9 
90 82.1 82.1 
92 90.0 90.0 
94 90.0 90.0 
96 180.0 180.0 

138 0.0  0.0 

166 15.4 15.9 
170 41.7 41.7 

174 
180 
182 
190 
200 
210 ' 

216 

49.5 
35.3 
32.4 
42.4 
51.9 
54.2 
54.6 

49.6 
35.8 
32.5 
42.5 
52.0 
54.4 
54.9 

218 -55.3 -55.3 

230 
240 
250 
260 
270 
280 
290 
300 
310 
3 20 
322 

-68.3 
-74.2 
-79.3 
-81.1 
-82.3 
-81.9 
-82.3 
-77.2 
-73.5 
-70.4 
-43.7 

-68.3 
-74.5 
-79.3 
-81.2 
-82.5 
-82.2 
-82.4 
-77.5 
-73.5 
-70.5 
-44.1 

330 -32.1 -32.6 

338 
340 

-58.8 
62.8 

-58.3 
62.8 

342 63.0 62.9 

350 
352 
360 
370 
380 
382 
384 
390 
396 
400 

91.9 
94.0 
78.5 
72.5 
64.1 
57.0 
-48.9 
-65.5 
-81.1 
-84.7 

91.5 
94.0 
79.1 
73.7 
65.0 
59.0 
-52.2 
-67.4 
-84.6 
-86.4 

410 -83.3 -84.1 
418 -86.0 -85.2 

420 
420 
430 

-80.0 
93.5 
102. b 

83.7 
106.3 

;p:.7 
432 103.4 108.7 

434 
436 

105.0 
88.8 

102.6 
101.3 

' 16 
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.. 

Figure 6 .  Actual Command Module Performance Between 
First Peak G and First Minimum G 
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Figure 9. P i t c h  Gimbal Angle and P i t c h  Error Versus T i m e  
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Figure 14. Comparison of the BET Altitude History to the PIPA 
Environment Trajectory and the Gimbal Angle Drive 
Trajectory 
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